A sedimentary record collected from beneath the former Larsen-A Ice Shelf reveals the Holocene history of the Larsen-A region. The record begins with the transition from grounded ice to a floating ice shelf, completed by 10.7 ؎ 0.5 ka, and ends with the modern recession. The record contains several late Holocene diatomaceous ooze layers that suggest proximity to productive openwater events. Radiocarbon ages obtained from these sediments were complicated by the presence of detrital and reworked carbon. We have eliminated these complications and constructed a chronology for the Larsen-A Ice Shelf history via tuning of the geomagnetic field paleointensity record with a reference curve. This approach provides chronological control to sediment sequences that lack appropriate material for radiocarbon dating. Geomagnetic paleointensity features with wavelengths of 2-3 k.y. can be recognized and interhemispherically correlated, illustrating the potential to use geomagnetic paleointensity variations as a global correlation and dating tool at sub-Milankovitch time scales.
INTRODUCTION
Public attention has been focused on the Antarctic Peninsula due to the rapid disintegration of the northern and middle sections of the Larsen Ice Shelf (LIS-A and LIS-B, respectively) (Rott et al., 1996; Vaughan and Doake, 1996; De Angelis and Skvarca, 2003) . The warming trend on the Antarctic Peninsula has pushed the temperature limit of ice shelf viability southward, likely contributing to recent break-up events (Scambos et al., 2001) . Melting and calving of ice shelves on both sides of the Antarctica Peninsula have long raised concerns about the future ice-mass flux of the continental tributary glaciers that feed into the ice shelves (Mercer, 1978) .
Sediment cores recovered from beneath the former LIS-A contain diatomaceous ooze layers ( Fig. 1) , suggesting proximity to open-water productive events (Domack et al., 2001a) . Radiocarbon dating these Holocene-late Pleistocene Antarctic shelf sediments involves several challenges. Antarctic marine carbonates have an ocean reservoir age of ca. 1200-1300 14 C yr B.P. (Gordon and Harkness, 1992; Harden et al., 1992; Berkman and Forman, 1996) . However, much of the sediment accumulating on the Antarctic shelf lacks calcareous organisms, necessitating the use of acid-insoluble organic matter (AIOM) from bulk sediment. The AIOM may be affected by reworked carbon from detrital humic macerals, kerogen from sedimentary rocks, and resus- pended marine organic matter (Andrews et al., 1999; Domack et al., 1999) .
Microscope observations indicate that LIS-A organic carbon is a mixture of ϳ25% carbon formed and deposited contemporaneously with the sediment and ϳ75% reworked organic carbon characterized by preaged terrestrial detritus. We obtained a radiocarbon age of 9720 Ϯ 65 14 C yr from a sediment-water interface sample of AIOM and an age of 1010 Ϯ 30 14 C yr from a sample of living bryozoan calcite, which indicates the magnitude (ϳ8700 yr) of the effect of reworked carbon on our radiocarbon ages ( Fig. 1 ; Table 1 ). However, the surface sediment contains a greater abundance of sterols (0.3-0.55 g/g) than the downcore material (Ͻ0.15 g/g), where reworked carbon has had a greater impact on the resultant ages. A regional AIOM correction factor of ϳ9000-9400 yr is indicated by paired calcite and AIOM 14 C ages from LIS-B, where biogenic calcite is much more abundant than in LIS-A (Domack et al., 2002) . These observations illustrate the difficulty of relying solely on AIOM radiocarbon ages from organically lean sediment.
Records of high-frequency (Ͻ10 k.y.) geomagnetic field paleointensity variations can serve as a global, millennial-scale correlation and dating tool Laj et al., 2000; Stoner et al., 2002 ). Here we demonstrate the utility of geomagnetic field paleointensity as a dating tool for Holocene sediment via tuning with an independently dated reference curve. Our absolute intensity reference curve (denoted ABSINT) is a compilation of more than 2000 absolute paleointensity determinations made on archaeological baked clays (pottery, bricks) and recent volcanic samples from around the world (Yang et al., 2000; Laj et al., 2002 ) that permits us to import the 14 C, K/Ar, and historical absolute ages of ABSINT's samples to the Antarctic margin.
STUDY AREA AND PALEOENVIRONMENTAL PROXIES
Multibeam swath bathymetry ( Fig. 1) revealed the 1000-m-deep Greenpeace Trough under the former LIS-A (Domack et al., 2001a) . Several sediment cores were collected from the Greenpeace Trough; all display a consistent stratigraphy (Fig. 1) . This study focuses on kasten core 23 (KC23: 64Њ47.144Ј S, 60Њ21.566Ј W, 901 m water depth), which contains a complete Holocene stratigraphy. KC23 contains three lithological units (Fig. 2) . Unit 1 (0-130 cm) consists of a silty-clay with a minor component of sand and scattered gravel. The upper 3-5 cm of Unit 1a contains unsupported 210 Pb, indicative of modern sediment accumulation (Gilbert and Domack, 2003) . Unit 2 (130-150 cm) consists of a coarse-grained granulated facies, which represents an ice-proximal water-laid till. Unit 3 (150-230 cm) consists of a structureless black mud with elevated shear strength, which represents a comminution till deposited under grounded ice (Domack et al., 2001a) . Foraminiferal faunas are restricted to Unit 1, which contains planktonic, calcareous benthic, and agglutinated taxa. Neogloboquadrina pachyderma and calcareous benthic foraminifera are restricted to the upper 10 cm of the core. Arenaceous benthics including Miliammina spp. dominate the foraminiferal assemblages down to 122 cm depth (Fig. 2) . The arenaceous assemblages represent cold, saline bottom-water conditions (Milam and Anderson, 1981) . The abundance of calcareous planktonic and benthic foraminifera at 0-2 cm indicates an increase in benthic productivity, possibly associated with increased phytoplankton productivity and carbon flux to the seafloor due to the retreat of the LIS-A (Ishman and Szymcek, 2003) .
Unit 1 contains three diatomaceous ooze layers (Figs. 1 and 2 ). These layers contain abundant Corethron criophilum, a species that is rarely preserved in Antarctic sediments. The valves are poorly preserved; spines and girdle bands are more common than whole valves. These layers also contain Fragilariopsis curta, indicative of sea ice and/or ice edge productivity, and Thalassiosira gracilis, a species often associated with a well-mixed water column (Leventer et al., 1996) . Uncorrected radiocarbon dates from these layers in KC23 and nearby cores KC4, KC5, and KC20 range from 11,000 to 11,850 14 C yr B.P., in part reflecting contamination with reworked carbon ( Fig. 1 ; Table  1 ).
GEOMAGNETIC PALEOINTENSITY CHRONOLOGY
Unit 1 sediments record a stable single component of remanence carried by magnetite. Maximum angular deviation values are Ͻ2Њ. The inclinations in Unit 1 fluctuate within 15Њ of the site-specific International Geomagnetic Reference Field value (Ϫ57Њ) (Fig. 3) . Below 130 cm there is no stable direction due to the sediment texture and glacigenic origin of Units 2 and 3, the latter of which contains pyrrhotite in black shale lithic fragments. Therefore, Units 2 and 3 are inappropriate for paleomagnetic analyses.
We normalized the natural remanent magnetization (NRM) of Unit 1 using two methods based on anhysteretic remanent magnetization (ARM). The first method is the traditional NRM/ARM normalization using NRM and ARM intensities after alternating field (AF) demagnetization at the 20 mT level. The second method calculates relative paleointensity by integrating the area under the NRM and ARM AF demagnetization curves over a given demagnetizing field range (denoted H AF , 20-50 mT in this study), and normalizing according to:
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The two methods yield nearly identical curves (Fig. 4) .
The KC23 record is remarkably similar to ABSINT, displaying the broad paleointensity high from 3 to 1 ka, preceded by the relative low from 7.5 to 5 ka. Paleointensity records from the North and South Atlantic Ocean, Indian Ocean, and Greenland ice cores demonstrate that millennial-scale dipole features with wavelengths of 5 k.y. to the very rapid 1 k.y. Laschamp event can be correlated over large areas (Baumgartner et al., 1998; Laj et al., 2000; Wagner et al., 2000; Mazaud et al., 2002; Stoner et al., 2002) . The record from KC23 demonstrates that features as brief as 2-3 k.y. can be correlated. The KC23 record was tuned to ABSINT using Analyseries software (Paillard et al., 1996) , which transfers the ABSINT chronology to the Antarctic margin.
The paleointensity age uncertainties are given by the half-widths of the ABSINT bins, which are 0.5 k.y. for the early to middle Holocene and 0.25 k.y. for the late Holocene. Instrumental analytical errors reported for radiocarbon dates are typically Ϯ40-100 yr for organic-rich sediment (total organic carbon Ͼ1%) (Andrews et al., 1999; Domack et al., 1999) . However, the laboratory counting errors do not reflect the more serious issues of sediment reworking, changing reservoir ages back through time, and spatial and temporal variations in detrital and allochthonous carbon input, all of which may lead to age uncertainties Ͼ500 yr (Andrews et al., 1999; Domack et al., 1999) .
The paleointensity-based chronology eliminates these complications and enables us to establish the timing of events in the history of LIS-A. The progression from the comminution till and gravelly mud of Units 3 and 2 into the diatomaceous mud of Unit 1 likely represents the Last Glacial Maximum to Holocene transition in the northwestern Weddell Sea. This is manifested as a transition from a grounded ice sheet to a floating ice shelf, as evidenced by shifting gravel provenance from in situ black shale to crystalline igneous and metamorphic rocks derived from further afield. This transition was completed by ca. 10.7 Ϯ 0.5 ka. The transition from Unit 1c to the more diatomaceous Unit 1b is dated as 6.3 Ϯ 0.5 ka, which coincides with the maximum warming and maximum biological productivity observed in records from the western Antarctic Peninsula (Domack et al., 2001b) .
The three diatomaceous ooze layers are dated as 1.4 Ϯ 0.25 ka, 2.1 Ϯ 0.25 ka, and 3.8 Ϯ 0.5 ka. The precise mechanisms of formation and emplacement of these layers remain uncertain. However, they occurred after the peak in middle Holocene warming documented on the Antarctic Peninsula (Domack et al., 2001b) and slightly later than other episodes of ice shelf decay in the Antarctic. Sedimentary records from beneath the smaller and more northerly Prince Gustav Ice Shelf suggest that the ice shelf decayed ca. 5-2 ka (Pudsey and Evans, 2001 ). Re-cords from the East Antarctic margin indicate both advances and retreats of glaciers ca. 7-1 ka (Domack et al., 1991; Hemer and Harris, 2003) . It is likely that the discrepancies in the timing of these events are due to challenges associated with the derivation of an appropriate correction factor to account for marine radiocarbon reservoir variations and the variable input of reworked carbon: hence the appeal of the paleointensity method.
The transition from Unit 1b to the gray, less biogenic Unit 1a is dated as 0.45 Ϯ 0.25 ka. This unit coincides with decreased productivity and cooling observed on the western Antarctic Peninsula (Domack et al., 2001b) . The top (0-2 cm) of Unit 1a is characterized by the first appearance of calcareous planktonic foraminifera and increases in calcareous benthic foraminifera and diatom abundance, which marks the modern recession of the ice shelf.
CONCLUSIONS
A sedimentary record from beneath the former LIS-A indicates that the transition from grounded ice to floating ice shelf was completed by ca. 10.7 Ϯ 0.5 ka. The LIS-A was stable throughout the early Holocene. The first suggestion of instability is manifested as a sequence of late Holocene diatomaceous ooze layers, although their origin is still under investigation. We developed a geomagnetic paleointensity-based chronology for KC23 that eliminates complications arising from the lack of datable material and uncertainties arising from the presence of reworked carbon. The similarities between KC23 and ABSINT suggest that geomagnetic field features with wavelengths of 2-3 k.y. can be used for long-range correlation. This supports the suggestion that synchronization between sedimentary paleointensity records and ice-core records of geomagnetically modulated 10 Be and 36 Cl flux can be used as a millennial-scale correlation and dating tool (Baumgartner et al., 1998; Laj et al., 2000; Wagner et al., 2000; Stoner et al., 2002) .
